Gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus play an important role in reproductive function. These cells originate in the nasal compartment and migrate into the basal forebrain in association with olfactory/vomeronasal nerves in embryonic life in rodents. Here, we studied the role of neuropilins and their ligands, semaphorins, in the development of the olfactory-GnRH system. We focused on Neuropilin-2 knock-out (Npn-2 ؊/؊ ) mice, because they are known to display defasciculation of olfactory nerves and reduced fertility. We found a significant decrease in the number of GnRH neurons in the hypothalamus and a marked reduction in their gonadal size. We then observed an abnormal increase of GnRH neurons in the noses of Npn-2 ؊/؊ mice, indicating that these cells failed to migrate into the forebrain. However, because neuropilins and semaphorins are involved in events of neuronal migration in the brain, we asked whether the observed reduction in GnRH neurons was directly attributable to the action of these molecules. Using fluorescenceactivated cell sorting and reverse transcription-PCR on mRNA derived from embryonic green fluorescent protein (GFP)-GnRH transgenic mice, we found expression of class 3 semaphorins and their receptors (neuropilin-1/2 and plexin-A1) in GnRH neurons. Furthermore, double-immunofluorescence experiments showed that migrating GnRH neurons, as well as associated olfactory fibers, express Npn-2 in the nasal region. We then used a line of immortalized GnRH neurons (GN11 cells) that display the same expression patterns for semaphorins and their receptors as GFP-GnRH cells and found that class 3 semaphorins and vascular endothelial growth factors modulate their migratory activity. These studies provide support for the direct involvement of neuropilins and their ligands in the establishment of the GnRH neuroendocrine system.
Introduction
The reproductive behavior in mammals is centrally regulated by a small number of gonadotropin-releasing hormone (GnRH)-secreting neurons located in the hypothalamus. These cells project to the median eminence, where they secrete the decapeptide into the pituitary portal vessels to induce the release of gonadotropins from the pituitary gland into the general circulation (Merchenthaler et al., 1984; Barry et al., 1985) . During embryogenesis, GnRH neurons originate in the nasal compartment and migrate in association with olfactory nerves (vomeronasal and terminal) to enter into the forebrain and reach their final destinations (Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989) . Defects in the migration of these neurons in humans result in infertility (Hardelin, 2001; MacColl et al., 2002) .
The mechanisms underlying the establishment of the migration route and the movement of GnRH neurons are thought to involve different classes of molecules (for review, see Tobet and Schwarting, 2006) . Candidates include semaphorins and their receptors, because of their high levels of expression in the developing olfactory system (Wray, 2001) . Semaphorins are a family of secreted or cell-bound molecules that modulate axonal guidance and neuronal migration events in the developing nervous system [for review, see Tamagnone and Comoglio (2004) and Kruger et al. (2005) ]. The secreted class 3 semaphorins exert their actions by binding neuropilins (Npn-1 and Npn-2) (Kolodkin et al., 1997; Tamagnone et al., 1999) and plexins (Winberg et al., 1998; Takahashi et al., 1999) . In addition to binding secreted semaphorins, neuropilins are coreceptors for vascular endothelial growth factors (VEGFs) (Soker et al., 1998; Gluzman-Poltorak et al., 2000 Karpanen et al., 2006) , molecules actively involved in vascular development and recently shown to have roles in neuronal migration (Schwarz et al., 2004) .
Two class 3 semaphorins, Sema3A and Sema3F, are expressed in the developing olfactory system: specifically, Sema3A is expressed in the olfactory epithelium, whereas Sema3F is mainly expressed in the vomeronasal organ (VNO) and in the medial part of the olfactory bulb (Cloutier et al., 2002) . Their specific coreceptors, Npn-1 and Npn-2, are expressed on sensory neu-rons in the main and accessory olfactory epithelia, respectively (Giger et al., 1996 (Giger et al., , 2000 Cloutier et al., 2002) . Concomitantly, members of the plexin-A subfamily are expressed in the olfactory system, with robust expression of plexin-A1 (Plxna1) in the VNO and vomeronasal nerves (VNNs) (Murakami et al., 2001) . Loss of Sema3A results in guidance errors in subsets of olfactory axons (Schwarting et al., 2000; Taniguchi et al., 2003) , whereas loss of Sema3F or Npn-2 functions results in defasciculation of the VNNs along the medial surface of the olfactory bulb (Cloutier et al., 2002 (Cloutier et al., , 2004 Walz et al., 2002) . Moreover, it has been reported that Npn-2 Ϫ/Ϫ mice are often infertile (Giger et al., 2000; Walz et al., 2002) , prompting us to investigate the role of Npn-2 in the development and migration of GnRH neurons.
Using different experimental approaches, we found a direct role for Npn-2 and its ligands on the migration of GnRH neurons. Specifically, newborn Npn-2 Ϫ/Ϫ mice contained significantly fewer GnRH neurons in the forebrain and abnormal excess of these cells in the nose, indicating a defect in their migration at this level. Furthermore, adult males showed genitalia of considerably smaller size and altered histology, thus providing an explanation for their reduced fertility. Using fluorescence activated cell sorting and reverse transcription (RT)-PCR on mRNA derived from green fluorescent protein (GFP)-GnRH transgenic mice, we also found expression of neuropilins and their ligands in GnRH neurons. Moreover, using immortalized GnRH cells, we showed that semaphorins and VEGFs affect the migratory activity of these cells, strongly supporting a direct involvement for these molecules in the establishment of the GnRH neuroendocrine system.
Materials and Methods
Animals. All animal procedures were performed in accordance with institutional guidelines. The line of Npn-2 Ϫ/Ϫ mice was established from breeding pairs of animals obtained from Dr. S. McMahon (Kings College London, London, UK) (Giger et al., 2000) . Heads of embryos, removed from pregnant transgenic GFP-GnRH mice (provided by S.T.) at different stages of gestation [embryonic day 0 (E0) is the day the vaginal plug was found] and from pregnant C57BL/6J mice, were used for RT-PCR and immunofluorescence experiments, respectively.
Cell lines. GN11 cells, generously provided to R.M. by Dr. S. Radovick (University of Chicago, Chicago, IL), and COS-7 cells (American Type Culture Collection, Manassas, VA) were grown as a monolayer at 37°C in a humidified CO 2 incubator in complete DMEM (Biochrom, Berlin, Germany) and supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA). Subconfluent cells were harvested by trypsinization and cultured in 57 cm 2 dishes. Cells within six passages were used in all experiments.
Production of semaphorin-conditioned media. Full-length chicken semaphorin3A-myc cDNA plasmid, encoding for N-terminal tagged c-myc semaphorin3A, was kindly provided by Dr. H. Schmidt (Max Delbrück Center, Berlin, Germany); pMT21-myc plasmid was chosen as a control. FLAG-tagged mouse Sema3F was created by inserting mouse semaphorin3F, derived by PCR using Pfu polymerase and pcDNA1.1amp-mouse-semaphorin3F plasmid as a template (a gift from Dr. H. Schmidt), into vector p3xFLAG-CMV-8 (Sigma, Poole, UK). The mouse semaphorin3F was obtained using the forward primer CT-GAGCGGCCGCGAACTGGAGCCTGCTT and the reverse primer CT-GATCTAGATAGGCTGGTCCTATGCAG, which incorporated NotI and XbaI sites, respectively. The insert was ligated into the p3xFLAG-CMV-8 vector in frame between NotI and XbaI sites, and the plasmid was verified by sequencing, transfection of cells, and Western blot analysis (supplemental figure, available at www.jneurosci.org as supplemental material); p3xFLAG-CMV-8 was chosen as a control plasmid. For transfection, COS-7 cells (at 80% confluence) were grown in culture plates in complete culture medium for 24 h and incubated for 3 h with the selected expression vector (1 g/ml) in the presence of Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Conditioned media from semaphorin3A-myc plasmid-(CM-sema3A), semaphorin3F-FLAG plasmid-(CM-sema3F), pMT21-myc (CM-myc)-, and p3xFLAG-CMV-8 (CM-FLAG)-transfected COS-7 cells were obtained by leaving transfected COS-7 cells in serum-free medium for 24 h. Cell supernatants were collected in ice-cold tubes, centrifuged at 3000 ϫ g for 5 min and immediately used for microchemotaxis assays. Production and secretion of semaphorin3A and semaphorin3F were confirmed by immunofluorescence and Western blot analysis on cell extracts and conditioned media using monoclonal anti-c-myc (1:500; clone 9E10; Sigma) and anti-FLAG (1:500; clone M2; Sigma) antibodies (supplemental figure, available at www.jneurosci.org as supplemental material).
Collagen gel cocultures. Cell aggregates of GN11 cells were prepared by the "hanging drop" technique as described previously (Kennedy et al., 1994) . Rat-tail collagen solution was prepared as described by Guthrie and Lumsden (1994) , and collagen gels and GN11 cell aggregates were generated as described by Cariboni et al. (2005) . After collagen polymerization (30 min), the preparations were covered with 500 l of control or semaphorin-enriched CM and cultured in a humidified, 5% CO 2 , 37°C incubator. After 24 h in culture, GN11 cell aggregates were fixed in 4% paraformaldehyde and immunostained with phalloidin-tetramethylrhodamine isothiocyanate (1:500; overnight in PBS plus 0.3% Triton X-100; Sigma). Representative images for each treatment were taken with a DM5000B microscope (Leica Microsystems, Milton Keynes, UK).
Chemomigration assays. Chemomigration assays were performed using a 48-well Boyden's chamber as described previously (Maggi et al., 2000; Cariboni et al., 2005) . Different semaphorin CMs or control CM and recombinant VEGF forms [50 nM; mouse VEGF 164 (R & D Systems, Abingdon, UK) and rat VEGF-C (ReliaTech, Braunschweig, Germany)] were used as chemoattractants and placed into the lower compartment of the chamber. The chamber was kept in an incubator at 37°C for 3 h. After this time, the migrated cells were fixed and stained using the Diff-Quick kit (Biomap, Milan, Italy) . For quantitative analysis, the membranes were observed using an Olympus (Tokyo, Japan) light microscope with a 20ϫ objective. Three random fields of stained cells were counted for each well, and the mean number of migrating cells/mm 2 for each experimental condition was calculated. Statistical analysis was performed using Prism4 software (GraphPad Software, San Diego, CA).
Immunofluorescence. GN11 cells were fixed in 100% MetOH at Ϫ20°C for 20 min, blocked with 10% BSA in PBS at room temperature for 1 h, and stained overnight with polyclonal anti-Npn-1 (1:50; Merck Biosciences, Nottingham, UK), Npn-2 (1:50; H300; Santa Cruz Biotechnology, Santa Cruz, CA) or plexin-A1 (1:50; H60; Santa Cruz Biotechnology) antibodies, followed by incubation with a goat anti-rabbit Alexa Fluor 488 (1:400; Invitrogen) at room temperature for 1 h. Nuclei were counterstained with 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI). Fresh-frozen heads from embryonic mice were cut with a cryostat at 15 m. Sections were blocked with 10% NGS in PBS/0.3% Triton X-100 for 1 h and then incubated in monoclonal anti-peripherin (1:1000; Millipore, Billerica, MA) or polyclonal anti-Npn-1, Npn-2 (1:50), or GnRH (1:400; ImmunoStar, Hudson, WI) antibodies at room temperature overnight, followed by Alexa Fluor 568 anti-mouse IgG or Alexa Fluor 488 anti-rabbit IgG (Invitrogen). Nuclei were counterstained with DAPI (Sigma). When two polyclonal primary antibodies were used (antiGnRH/Npn-2), staining of the first antigen-antibody complex (GnRH) was visualized with a goat anti-rabbit Alexa Fluor 488 (1:400; Invitrogen) secondary antibody (Giacobini et al., 2004) . This was followed by a blocking reaction with 10% normal rabbit serum (Sigma) at room temperature for 1 h, followed by washes in PBS plus 0.1% Triton X-100 and fixation (4% paraformaldehyde for 45 min), before application of the second primary antibody, which was visualized with goat anti-rabbit Alexa Fluor 594 (1:400; Invitrogen). Preparations were then examined with a confocal microscope (Leica Microsystems), and images were reconstructed using MetaMorph imaging software (Universal Imaging, West Chester, PA).
Analysis of Npn-2 Ϫ/Ϫ mice. Litters containing Npn-2 Ϫ/Ϫ mice were genotyped using two specific polymerase chain reactions. Forward primer NPN-2F (5Ј-CTCGGTCACAAGCTGGCTTG-3Ј) and either NPN-2RevWT (5Ј-ACCTTTGCAGAAGACACCACCAGGAGG-3Ј) or NPN-2RevMUT (5Ј-GAGCGCGCGCGGCGGAGTTGTTGAC) were used to detect either the wild-type (WT) or knock-out allele, respectively. Brains and noses were removed from the heads of newborn animals, fixed with 4% paraformaldehyde overnight, embedded in 3.5% agarose, and cut sagittally at 100 m using a Vibroslice (VT1000S; Leica Microsystems). Free-floating sections were blocked with 10% NGS in PBS/ 0.3% Triton X-100 at room temperature for 1 h, incubated in GnRH antibody (1:4000; ImmunoStar) for 48 h, followed by an anti-rabbit biotinylated secondary antibody, and processed using an ABC kit (Vector Laboratories, Burlingame, CA) with 3,3-diaminobenzidine (0.015%; Sigma) as a chromogen. Sections were then washed in PBS, mounted on slides, dehydrated, and coverslipped. All GnRH neurons identified in all sections were counted, and statistical analysis was performed using Prism4 software (GraphPad Software). For histology of the gonads, the testes of Npn-2 Ϫ/Ϫ and wild-type mice (n ϭ 3 for each genotype), perfused with 4% paraformaldehyde, were embedded in optimal cutting temperature medium and serially sectioned with a cryostat at 10 m. Sections were stained with hematoxylin and eosin.
Fluorescence-activated cell sorter analysis. Small pieces of tissue were microdissected from heads of GFP-GnRH embryos and pooled in a 1.5 ml Microfuge tube containing 980 l of HBSS preheated to 37°C. Liberase Blendzyme 3 (Roche Applied Science, Indianapolis, IN) was added at a final concentration of 0.14 U/ml, and the suspension was incubated at 37°C for 3 min. A single-cell suspension was obtained by gently pipetting the sample with Pasteur pipettes of increasingly smaller diameter. Once the sample no longer contained any visible clumps of tissue, it was filtered through a 35 m filter (BD Biosciences, San Jose, CA) and centrifuged (1000 rpm) at 4°C for 5 min. Supernatant was aspirated, and the pellet was diluted with 500 l of RNAlater solution (RNA aqueous Micro Kit; Ambion, Austin, TX) to preserve the RNA. Samples were resuspended in 500 l of PBS before being placed in a fluorescence-activated cell sorter (FACS). Sorted (top 1% of GFP-positive cells) and unsorted (GFP-negative) cells were collected into two different tubes, each containing 500 l of lysis buffer (Ambion), and used for RNA extraction. The sorted population was GnRH positive, as demonstrated by RT-PCR (data not shown). RT-PCR was performed on these samples as described below using the same set of primers implemented in the experiments with GN11 cells.
RT-PCR. Total RNA from GN11 cells was isolated by extraction with TRIzol (Invitrogen). For samples derived from GFP-GnRH mice, RNA extraction was performed using the RNA aqueous Micro kit (Ambion). The amount of RNA obtained was in the range of 20 -50 ng, because of the relatively small number of GFP-GnRH cells collected from the sorter. Single-strand cDNA was synthesized by avian myeloblastosis virus reverse transcriptase (Promega, Southampton, UK) and random hexamers (Promega). PCR was performed using 0.5 l of cDNA and the appropriate oligonucleotides (0.6 -6 M) in 25 l of reaction mix using TaqDNA polymerase (Qiagen, Crawley, UK) and the following conditions: 35 cycles of denaturing at 94°C for 60 s, annealing at 60°C for 60 s, and extension at 72°C for 120 s. PCR products were analyzed by electrophoresis on a 2% agarose gel, and bands were visualized under UV illumination after ethidium bromide staining. The primers used are listed in Table 1 .
Results

Npn-2
؊/؊ mice show a reduction in GnRH neurons Previous studies (Giger et al., 2000; Walz et al., 2002) have reported that homozygous Npn-2 Ϫ/Ϫ mice are often unable to reproduce. We first investigated whether this was attributable to a defect in the number or position of GnRH neurons in the brains of newborn and adult animals. In these immunohistochemical experiments, we cut sagittal sections through the entire brains, stained all sections with an anti-GnRH antibody, and counted all labeled cells. Analysis showed that the brains of P0 Npn-2 Ϫ/Ϫ mice (n ϭ 5) contained significantly fewer ( p Ͻ 0.05) GnRH neurons dispersed in the olfactory bulb and ventral forebrain (525.2 Ϯ 18.69; mean Ϯ SEM) compared with WT littermates (725.0 Ϯ 26.62). Moreover, whereas in WT mice, many GnRH-positive fibers in the hypothalamus were seen to project to the median eminence (Fig. 1c) , the density of these fibers was notably reduced in Npn-2 Ϫ/Ϫ animals (Fig. 1d) . No difference in the migration pathway was observed within the brains of Npn-2 Ϫ/Ϫ , suggesting a problem of migration in the nasal area. In fact, immunostaining of coronal sections taken from the noses of newborn Npn-2 Ϫ/Ϫ mice showed an increased presence of GnRH-positive neurons along the nasal septum (Fig. 1b, arrowheads) , often appearing as clusters, suggesting an arrest or delay in the migration of GnRH neurons. Counts of labeled cells confirmed this observation; there were, on average, more than twice as many ( p Ͻ 0.05) GnRH neurons along the nasal septum of Npn-2 Ϫ/Ϫ animals (273.3 Ϯ 16.2; n ϭ 3) as in WT littermates (125.3 Ϯ 2.9; n ϭ 3). Cells were counted in all sections obtained from the entire nasal region (i.e., from the tip of the nose to the start of the olfactory bulb).
To investigate whether the reduction in the number of GnRH neurons is reflected in alterations in the gonads, we examined the testes of adult (3 months of age; n ϭ 3) male Npn-2 Ϫ/Ϫ and WT littermates. Visual inspection and measurements indicated a significant reduction in the dimensions of the testes of Npn-2 Ϫ/Ϫ animals (long axis, 6.125 Ϯ 0.125 mm) compared with WT (8.25 Ϯ 0.43 mm) (Fig. 1d) . Abnormalities of testicular morphology in Npn-2 Ϫ/Ϫ mice were also apparent in hematoxylin-and eosin-stained sections (Fig. 1f,g ). In these mice, the size of the seminiferous tubules appeared reduced compared with WT. In addition, the tubules showed smaller lumens with a reduced number of spermatozoa and an accumulation of spermatogenic immature cells. No hyperplasia of Leydig's cells was seen, substantiating a central defect in the reproductive axis. Counts of all GnRH-positive neurons present in the brains of these adult mice confirmed the numeric reduction observed in newborn animals, with 490.7 Ϯ 32.92 in the Npn-2 Ϫ/Ϫ mice and 645 Ϯ 4.177 in the WT (n ϭ 3).
We then used immunofluorescence to stain the nasal regions of embryonic (E15) Npn-2 Ϫ/Ϫ and WT animals with peripherin, a specific marker of olfactory axons that are associated with migrating GnRH neurons. In accordance with previous reports (Cloutier et al., 2002; Walz et al., 2002) , we observed defasciculation of these axonal tracts and improper innervation of the olfactory bulb in Npn-2 Ϫ/Ϫ animals compared with WT littermates (Fig.  2) . We reasoned that defects in fasciculation of the VNN would hamper the migration of GnRH neurons along it and would explain the reduced number observed in the brains of Npn-2 Ϫ/Ϫ mice. However, a direct role for neuropilins and their ligands in the migration of the GnRH neurons cannot be excluded. To address this point, additional experiments were performed using different experimental approaches.
Expression of semaphorins and neuropilins in GnRH neurons
We first examined the expression pattern of semaphorins and their receptors in GnRH neurons. We took advantage of a mouse model in which the GFP reporter was genetically targeted to GnRH neurons. In these mice, nearly all (Ͼ99.5%) GFP-expressing neurons contain immunologically detectable GnRH peptide (Suter et al., 2000) . Using FACS analysis (Fig. 3a) , we isolated GFP-positive cells from the heads of embryos at different gestational stages (E13.5, E15, and E17) and extracted mRNA. We then applied RT-PCR and found transcripts of expected molecular sizes for mouse Sema3A, Sema3F, Npn-1, Npn-2, and Plxna1 in these cells (Fig. 3b) . Nested PCR with a second set of primers (Table 1) confirmed the specificity of the first-round reaction (data not shown). The same samples were also tested for the presence of GnRH mRNA and found positive (data not shown). These results indicated that GnRH-GFP cells express both ligands (Sema3A and Sema3F ) and receptors/coreceptors (Plxna1, Npn-1, and Npn-2), supporting a direct role for these molecules in the development of GnRH neurons.
We then studied the localization of the appropriate neuropilin and plexin receptors in the nasal compartment of rodents, the start of the migratory pathway of GnRH neurons. We first showed that olfactory fibers, used by GnRH neurons to migrate from the olfactory placode toward the olfactory bulb (Fig. 3c) , are strongly labeled for Npn-2 (Fig. 3d) and faintly stained for Npn-1 (data not shown). Available plexin-A1 antibodies failed to work on sections despite repeated trials. To study the possible relationship between migrating GnRH neurons and Npn-2, we performed double immunofluorescence experiments using contiguous sections. Fresh-frozen 15 m sections of E15 mouse heads were prepared and incubated contiguously with monoclonal pe- ripherin antibody, a specific marker of the olfactory nerves, and polyclonal GnRH or Npn-2 antibodies. As illustrated in Figure  3e , GnRH cells (green) in the nasal region were in close association with peripherinpositive fibers (red); the contiguous sections stained for peripherin and Npn-2 showed that a subset of these peripherin fibers were also Npn-2 positive. These experiments showed the association of GnRH neurons with Npn-2-positive fibers, suggesting a role for neuropilins and their ligands in the migration of these cells and the possibility of a mutual influence between the olfactory and GnRH neuronal systems. Moreover, using a protocol for immunostaining with two antibodies raised in the same species, we found clear evidence of colocalization of GnRH and Npn-2 in the nasal compartments of E13 mice (Fig. 3f ).
Semaphorins and neuropilins are involved in the migration of immortalized GnRH neurons
We tested the possible effects of semaphorins and neuropilins on the migration of GnRH neurons by using a model of immortalized GnRH cells (GN11 cell line). GN11 cells show a strong chemomigratory response in vitro (Maggi et al., 2000) and, as such, they have been used to investigate mechanisms involved in GnRH neuron migration (Giacobini et al., 2002; Cariboni et al., 2004 Cariboni et al., , 2005 . We first performed expression studies on GN11 cells to confirm our in vivo observations. Using RT-PCR and the same set of primers used for the analysis of GFP-GnRH neurons, we found an identical pattern of expression for mouse Sema3A, Sema3F, Npn-1, Npn-2, and Plxna1 in these cells (Fig. 4a) . Nested PCR with a second set of primers confirmed the specificity of the firstround reaction (data not shown). Moreover, immunofluorescence experiments with receptor-specific antibodies revealed the presence of Npn-1, Npn-2, and Plxna1 in GN11 cells, showing similar cytoplasmic vesicular expression as well as distribution at the surface membrane for all three receptor proteins (Fig. 4c,e,f ) . In these experiments, we observed stronger immunoreactivity of GN11 for Npn-2 compared with Npn-1, suggesting the possible predominance of expression of this receptor protein in GnRH neurons in vivo. In addition, we found that Sema3A and Sema3F could induce internalization of Npn-1 and Npn-2, respectively (Fig.  4d,g ). Specifically, Npn-1 and Npn-2 formed immunopositive aggregates within the cytoplasm after stimulation Figure 3 . Expression of semaphorin and neuropilin molecules in GnRH neurons. a, Schematic drawing of the experimental paradigm used to isolate mRNA from GFP-GnRH neurons. Fluorescence-activated cell sorting was applied to cells dissected from GFP-GnRH mice at different embryonic stages; mRNA extraction and RT-PCR were performed on GFP-positive samples. b, RT-PCR analysis at E13, using GFP-GnRH cell mRNA, showed the presence of Sema3A, Sema3F, and Plxna1 transcripts (330, 262, 190, 260, and 199 bp, respectively) . c, Schematic drawing of the anatomy of the olfactory system in embryonic rodents. Olfactory fibers originating from the olfactory placode (OP) are depicted as black and green lines. The latter correspond to the VNNs, specifically labeled for Npn-2. GnRH neurons are typically seen in association with these bundles of fibers. d, Immunofluorescence, applied to sagittal sections taken from E15 mouse, showing Npn-2-immunoreactive olfactory fibers (green) originating from the OP. Nuclei were counterstained with DAPI (blue). e, Multipanel composition of contiguous sections taken from the nose of an E15 mouse and stained for GnRH and Npn-2 (green) and peripherin (red). As shown in the merged panels resulting from the overlays between GnRH/Npn-2 and GnRH/peripherin staining, GnRH neurons are in close association with peripherin-positive fibers, which are specifically stained also for Npn-2. f, Double immunofluorescence for GnRH (green) and Npn-2 (red) on sagittal sections taken from E13.5 mouse showing colocalization of the two antigens in the same cells, shown in the small inset, derived from single high-magnification confocal scans. FB, Forebrain; ϩve, positive; Ϫve, negative; M, marker. Scale bars: d, 100 m; e, 250 m; f, 100 m; f, inset, 50 m.
with CM-Sema3A and -Sema3F for 60 min. Previous studies in COS-7 (Castellani et al., 2004) and endothelial cells (Narazaki and Tosato, 2006) have demonstrated that Sema3A can induce Npn-1 internalization; here, we demonstrate that this event can also occur in neuronal cells and, in addition, that Sema3F can induce Npn-2 internalization, possibly by downregulating the receptor itself. Together, these data indicate that GN11 cells may be used as a model system to study the biological effects of neuropilins and semaphorins and their roles in the migration of GnRH neurons.
The effects of semaphorins and VEGFs on the migration of GnRH neurons
We then performed chemomigration studies, taking advantage of the migratory properties of this cell line. We first tested the roles of Sema3A and Sema3F, because they represent the classical ligands of neuropilins and are expressed in the nasal region (Cloutier et al., 2002) . As a source of semaphorins, we used CM of COS-7 cells transfected with Sema3A and Sema3F expression vectors (see Materials and Methods). We used aggregates of GN11 cells in a three-dimensional collagen gel as previously described (Cariboni et al., 2005) . These aggregates were treated with either 1% FBS (positive control) or CM from untransfected or semaphorin (3A, 3F)-transfected COS cells. Any displacement of cells from the aggregates was observed and documented for each treatment. As illustrated in representative samples (Fig.  5a ), numerous GN11 cells appeared to move away from aggregates maintained in 1% FBS or control CM (CM-COS) for 24 h (first and second top panels), but not from aggregates exposed to Sema3A-and Sema3F-enriched media (third and fourth bottom panels). These observations suggested an inhibitory role for Sema3A and Sema3F on the migration of GnRH neurons.
To confirm the repulsive activity of Sema3A and Sema3F on the migration of GN11 cells, we performed chemomigration assays using a 48-well Boyden's chamber, a method that has been shown to provide a sensitive and quantitative measure of cellular responses to specific chemotropic signals. GN11 cells were exposed for 3 h to a concentration gradient (chemotaxis) of CM of COS cells transfected with Sema3A and Sema3F vectors and with corresponding mock vectors (see Materials and Methods). We found that the chemomigration of GN11 cells was significantly diminished in the presence of both semaphorins compared with control media, with greater reduction in the number of migrating cells toward Sema3F, which is the primary ligand of Npn-2 (Fig.  5b) . To confirm that the effects observed were specifically attributable to the semaphorins secreted by transfected cells, we attempted to neutralize Sema3A and Sema3F by preincubating the CM with anti-c-myc and anti-FLAG antibodies, respectively. Figure 5c shows that immunoneutralization of semaphorins significantly restored the chemomigration of GN11 cells induced by Sema3A and Sema3F, whereas the presence of the antibodies did not affect the response elicited by control CM on GN11 cells. These results clearly show the specificity of the biological effects observed and exclude any possibility of methodological artifacts. Moreover, these results prompted us to hypothesize a direct role of semaphorins on the migration of GnRH neurons.
However, because both neuropilins can also bind certain forms of VEGF (Soker et al., 1998; Gluzman-Poltorak et al., 2000 Karpanen et al., 2006) , we asked whether these molecules modulate the effects observed and play a role on the migration of GnRH neurons. In particular, because both Npn-1 and Npn-2 can bind VEGF 165 , and Npn-2 also binds VEGF-C (Neufeld et al., 2002) , we focused our experiments on these two forms. Thus, we exposed GN11 cells to different concentrations of mouse VEGF 165 and VEGF-C alone or in combination and found that both molecules induce significant migration of GN11 cells compared with control medium, with a greater increase when added in combination (data not shown). Moreover, we analyzed the effects of simultaneous exposure of GN11 to semaphorins and VEGFs and observed that the addition of VEGF 165 and VEGF-C to the CM-Sema3A and CM-Sema3F reversed the inhibitory effects of semaphorins themselves (Fig. 5d) . Together, these observations indicate that, at least in vitro, neuropilins function simultaneously as VEGF and semaphorin receptors, and suggest the possibility that the migration of the GnRH neurons might be influenced by a balance between positive (VEGFs) and negative (semaphorins) cues, acting through common receptors (neuropilins).
Discussion
The GnRH-secreting neurons form the final component for the central regulation of reproduction by projecting to the median eminence. They originate in the nasal compartment (ϳE10 in mice) and associate with olfactory/vomeronasal nerves to migrate across the nasal septum and pass through the cribriform plate (between E12.5 and E15) (for review, see Tobet and Schwarting, 2006) . Once within the forebrain, migrating GnRH neurons maintain their association with the caudal branch of the VNNs and attain their positions in the hypothalamus by the time of birth in rodents (Yoshida et al., 1995) .
The factors that regulate the migration of GnRH neurons remain essentially unknown. Neuropilins and their ligands, semaphorins, are known to regulate axonal pathfinding and neuronal migration (for review, see He et al., 2002) . Neuropilin-semaphorin interactions are important in the developing olfactory system, with widespread expression of Sema3A and Sema3F, Npn-1 and -2, and plexin-A1 documented throughout the system (Giger et al., 1996 (Giger et al., , 2000 Murakami et al., 2001; Cloutier et al., 2002) . Interestingly, it has been shown that mice deficient for the Npn-2 gene show severe defasciculation of the VNNs and are frequently unable to reproduce (Giger et al., 2000; Walz et al., 2002) .
Analysis of Npn-2
؊/؊ mice We investigated the nature of this defect and found a significant reduction in the number of GnRH neurons in the hypothalamus of all Npn-2 Ϫ/Ϫ mice. Furthermore, we found a comparable decrease in the size of their gonads as well as abnormal morphology of the seminiferous tubules without hyperplasia of Leydig's cells. This is in concordance with the reported hypogonadal phenotype of mice that carry an intragenic deletion in the GnRH gene (Cattanach et al., 1977; Mason et al., 1986) . We then observed an abnormal increase of GnRH neurons clustered in the nose of newborn mice, indicating that many of these cells failed to migrate into the forebrain of Npn-2 Ϫ/Ϫ . This defect may be explained by the observed defasciculation of the VNNs in these animals (Giger et al., 2000) (Fig. 2) . However, because neuropilin-semaphorin interactions are also involved in neuronal migration, as has been reported for cortical interneurons (Marin et al., 2001; Tamamaki et al., 2003) and neural crest cells (Yu and Moens, 2005) , we asked whether the reduction in GnRH neurons observed in Npn-2 Ϫ/Ϫ mice was directly attributable to the action of these molecules in this system or secondary to the alteration of the axonal scaffold used in their migration.
Semaphorins and their receptors in GnRH neurons
To address this point, we took advantage of a line of transgenic mice in which GFP was genetically targeted to GnRH neurons (Suter et al., 2000) . In these mice, nearly all GFP-expressing neurons contain immunologically detectable GnRH peptide. Using a novel approach of FACS analysis, we isolated GFP-positive cells from the heads of mice at three embryonic stages of GnRH neuron development and extracted mRNA. RT-PCR analysis showed that GFP-positive neurons expressed specific transcripts for Npn-1, Npn-2, plexin-A1, and the respective ligands, Sema3A and Sema3F, at all three embryonic stages. These experiments support a role for neuropilin/semaphorin in the development of the GnRH neuroendocrine system. They also indicate possible paracrine as well as cell-autonomous modes of action of these molecules, because ligand and receptor/coreceptor transcripts were found in the same cells. This is in accordance with other studies that showed that some migrating cells and axons express both receptors and ligands (Winberg et al., 1998) or secrete semaphorins in an autocrine manner (Serini et al., 2003; Catalano et al., 2004) . We also performed expression studies using a doubleimmunofluorescence protocol and visualized GnRH neurons in close association with bundles of VNNs axons expressing Npn-2, suggesting a preference for these neurons for subsets of fibers and supporting the importance of neuropilin in this system. Moreover, we found colocalization of GnRH and Npn-2 in GnRHsecreting neurons migrating along olfactory fibers, highlighting the importance of Npn-2 for both neurons and fibers. The expression of Npn-2 along olfactory axons has been described previously (Giger et al., 2000) , but never linked to the migration of GnRH neurons. Our results indicate that lack of Npn-2, normally expressed in subsets of olfactory axons and GnRH neurons, may underlie navigation errors of such neurons, possibly because of deficient signaling between neuropilins and their ligands within the nasal compartment.
Role of neuropilin ligands in the migration of GnRH neurons
Functional studies of GnRH-secreting neurons have been hindered by their peculiar anatomical distribution. However, investigations have been facilitated by the availability of immortalized mouse GnRH-expressing neurons (GN11 cells) (Radovick et al., 1991) . These cells show strong chemomigratory activity in vitro (Maggi et al., 2000) and have been used to study mechanisms involved in GnRH neuron migration (Giacobini et al., 2002; Cariboni et al., 2004 Cariboni et al., , 2005 .
Using RT-PCR, we first confirmed that GN11 cells express semaphorins and their receptors similar to GFP-GnRH neurons, demonstrating that this cell line retains many of the features of GnRH neurons in vivo. Moreover, using immunofluorescence, we noticed the predominant expression of Npn-2 protein, supporting the importance of this neuropilin and its ligand, Sema3F, in this system. We then used collagen gel assays and observed that the migration of GN11 cells is inhibited by the exposure to Sema3A-and Sema3F-enriched media. We used a Boyden's chamber assay to quantify these results and to verify the specificity of the observed effect. In these experiments, we found that exposure of GN11 cells to a gradient of concentration of Sema3A and Sema3F strongly inhibited their migration, with the action of the latter being more pronounced. This effect was specifically blocked by the addition of antibodies directed to the tag epitopes at the N terminus of semaphorins and, surprisingly, was reversed by the addition of VEGF 165 and VEGF-C, another class of molecules able to bind both Npn-1 and Npn-2 (Soker et al., 1998; Gluzman-Poltorak et al., 2000 Karpanen et al., 2006 ). These results demonstrate, first, a direct role for neuropilin ligands on the migration of GnRH neurons, at least in vitro; and, again, confirm a major role for Npn-2. Second, they suggest a likely mechanism of action of these molecules in vivo, possibly involving a complex balance between negative (semaphorins) and positive (VEGFs) cues acting through common receptors (neuropilins).
The mechanisms by which neuropilins switch between semaphorin and VEGF signaling are still unclear. However, the existence of antagonistic effects of semaphorins and VEGFs on migration events has already been demonstrated in neural progenitors cells (Bagnard et al., 2001 ) and, very recently, in human endothelial cells (Favier et al., 2006) . Furthermore, it cannot be excluded that in vivo Sema3A and Sema3F could act as positive and negative signals at the same time, depending on their concentration and on the presence of other competitive factors or other semaphorins (e.g., Sema3B, Sema3C, or Sema3D), not tested in this study. This is in accordance with reports showing that semaphorins are not only inhibitory factors, but sometimes can promote cell chemotaxis and attraction of cell processes (Polleux et al., 2000; Giordano et al., 2002; Moreno-Flores et al., 2003; Pasterkamp et al., 2003) . These opposing responses might entail signaling pathways that are mediated by different semaphorin receptor complexes. The contrasting actions of semaphorins and VEGFs on GN11 cell migration could also support the autocrine effects proposed and raise the possibility of signaling between GnRH neurons themselves. Moreover, the finding of an effect of VEGFs on the migration of GnRH neurons opens the possibility of communication between the vascular and this neuroendocrine system. It has been reported that the appearance of olfactory axons coincides with the onset of vasculogenesis in the nasal mesenchyme and precedes the initial detection of GnRH immunoreactivity in the olfactory placode (Schwanzel-Fukuda, 1999) . According to this evidence, it is possible that migratory signals directed to GnRH neurons might arise from nasal mesenchyme and from the concomitant vasculogenesis.
In conclusion, we have presented evidence for a primary role of neuropilins and their ligands in the migration of GnRH neurons and proposed a complex mechanism of action of these molecules. In particular, we have documented the importance of Npn-2 in this system: mice lacking this neuropilin show a markedly reduced number of GnRH neurons in the hypothalamus and reduction in gonadal size, which is likely the cause of their reported reduced fertility. More generally, these findings provide new insights into the molecular mechanisms of GnRH-migrating neurons and suggest new candidate genes that are likely to be involved in the pathogenesis of hypogonadotropic hypogonadisms in humans.
